Platensimycin (PTM) is a recently discovered broad-spectrum antibiotic produced by Streptomyces platensis. It acts by selectively inhibiting the elongation-condensing enzyme FabF of the fatty acid biosynthesis pathway in bacteria. We report here that PTM is also a potent and highly selective inhibitor of mammalian fatty acid synthase. In contrast to two agents, C75 and cerulenin, that are widely used as inhibitors of mammalian fatty acid synthase, platensimycin specifically inhibits fatty acid synthesis but not sterol synthesis in rat primary hepatocytes. PTM preferentially concentrates in liver when administered orally to mice and potently inhibits hepatic de novo lipogenesis, reduces fatty acid oxidation, and increases glucose oxidation. Chronic administration of platensimycin led to a net reduction in liver triglyceride levels and improved insulin sensitivity in db/+ mice fed a high-fructose diet. PTM also reduced ambient glucose levels in db/db mice. These results provide pharmacological proof of concept of inhibiting fatty acid synthase for the treatment of diabetes and related metabolic disorders in animal models.
D
iabetes affects nearly 24 million people in the United States, which is an increase of ∼3 million in 2 y; nearly 8% of the US population is diabetic. Currently approved therapies for the treatment of diabetes suffer from inadequate efficacy and/or liabilities, including hypoglycemia, weight gain, edema, fractures, lactic acidosis, and gastrointestinal intolerance (1) . Cumulative data from the National Health and Nutrition Examination Survey during the period 1999-2006 showed significant improvement in the proportion of people with diagnosed diabetes achieving glycemic and cholesterol target levels; however, only one in eight diagnosed diabetics was able to achieve the recommended glycemic, blood pressure, and LDL cholesterol target levels at the same time (2) , underscoring the need to develop novel modalities for the treatment of diabetes.
Platensimycin (PTM) is a novel broad-spectrum Gram-positive antibiotic produced by Streptomyces platensis. It was discovered by a target-based whole-cell screening strategy using an antisense differential sensitivity assay (3) . Platensimycin inhibits bacterial growth by selectively inhibiting the elongation-condensing enzyme FabF of the fatty acid biosynthesis pathway (3) (4) (5) . Bacterial fatty acid synthesis (FAS II) differs from mammalian fatty acid synthesis (FAS I) in that the former is catalyzed by a multienzyme complex whereas the latter is catalyzed by a single large protein (6) .
Fatty acid synthase (FAS) catalyzes the synthesis of long-chain fatty acids (primarily palmitate) by condensation of acetyl-CoA and malonyl-CoA (6) . The mammalian enzyme is a homodimer, with each polypeptide containing seven catalytic domains that act in concert to catalyze the reactions leading to palmitate synthesis. FAS activity is believed to be a determinant of the maximal capacity of liver to synthesize fatty acids by de novo lipogenesis (DNL). Similar to global knockout of acetyl-CoA carboxylase 1 (ACC1), which generates malonyl-CoA for fatty acid synthesis, deletion of the gene coding for FAS results in embryonic lethality (7) . By contrast, liver-specific FAS knockout in mice does not lead to an overt phenotype when the animals are fed a normal chow diet (8) ; however, when animals are fed a zero-fat diet, the lack of FAS does not protect them from the development of fatty liver but rather exacerbates it (8) . This phenotype could be attributed to at least two consequences of FAS deficiency: a decrease in DNL that is a direct consequence of FAS deficiency, and a reduction in β-oxidation that is an indirect consequence of FAS deficiency. The latter is evidenced by a threefold increase in hepatic malonyl-CoA concentrations and a significant decrease in blood ketone body levels in liver-specific FAS KO mice (8) . The increase in hepatic malonyl-CoA levels is believed to lead to the inhibition of carnitine palmitoyltransferase 1 (CPT-1), impairing entry of fatty acids into the mitochondria for oxidation (9) . It was also hypothesized that "new fat" from the diet or synthesized via FAS activity specifically activates a pool of nuclear receptors (e.g., PPARα) that in turn leads to enhanced β-oxidation (8) . One such candidate requiring FAS activity for synthesis is 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine, a putative endogenous ligand of PPARα (10) .
FAS is mainly regulated at the transcriptional level by nutrients and hormones. In particular, glucose (via ChREBP), insulin (via SREBP-1c), and the thyroid hormone triiodothyronine increase FAS activity, whereas glucagon and saturated and polyunsaturated fatty acids decrease it (11) . Increased fatty acid synthase (FASN) gene expression in adipose tissue is linked to visceral fat accumulation, impaired insulin sensitivity, and increased circulating fasting insulin, IL-6, leptin, and RBP4 (12) in humans.
In this report, we evaluated the effect of the antibiotic platensimycin, a FAS inhibitor, on free fatty acid (FFA) and sterol synthesis in comparison with C75 and cerulenin. We demonstrate that platensimycin is an inhibitor of mammalian FAS that potently and selectively inhibits hepatocyte fatty acid synthesis and fatty acid oxidation, without affecting sterol synthesis. We also demonstrate that platensimycin is liver-preferring in vivo and that the net effect of chronic treatment with this agent is to lower liver triglyceride (TG) levels. Chronic administration of platensimycin led to improved insulin sensitivity in db/+ mice fed a high-fructose diet and reduced ambient glucose levels in db/db mice, providing pharmacological proof of concept of inhibiting fatty acid synthase for the treatment of diabetes and related metabolic disorders.
Results
Platensimycin Is a Potent Inhibitor of Mammalian FAS. Given its high degree of amino acid sequence conservation, we evaluated the activity of platensimycin against FAS of higher species. Using an established in vitro assay of FAS activity (13), we observed that platensimycin inhibited purified rat and human FAS, with IC 50 values of 0.18 and 0.30 μM, respectively.
Because liver is a primary site of fatty acid synthesis, we examined whether platensimycin inhibits FAS of rat primary hepatocytes, using a de novo lipogenesis assay. We compared the effects of platensimycin, platencin, cerulenin, C75, as well as TOFA [5-(tetradecyloxy)-2-furoic acid] under the same conditions. As shown in Fig. 1 Fig. 1 ).
Platensimycin Is Preferentially Concentrated in Liver Following Oral
Administration. PTM is rapidly cleared from the circulation, where it is needed to exert its antibiotic function, leading to poor systemic exposure and preventing its development as an antibiotic. PTM exhibits a high volume of distribution (V dss ∼12 L/kg) in mice, which suggested high tissue distribution. We therefore wondered whether platensimycin is quickly distributed or concentrated in tissues from blood. To investigate this, we determined the tissue distribution of platensimycin following oral dosing of mice. As shown in Fig. 2A , exposure of platensimycin in the liver is 2.9×, 3.5×, 2.9×, and 15.3× higher than in blood at 0.5, 1, 3, and 8 h after an oral dose of 100 mg/kg (mpk), respectively. Levels of PTM were detectable only in liver at 24 h after such a single dose. Exposure in the brain is low: The plasma-to-brain ratios of PTM were 19.4×, 31.2×, and 4.7× at 0.5, 1, and 3 h, respectively. Brain exposure was below the detection limit at 8 and 24 h postdosing. PTM levels in muscle and adipose were also significantly below the plasma levels at all time points. Additional studies revealed that platensimycin is excreted primarily in the bile. The enrichment of platensimycin in the liver is also supported by the observation that at doses of up to 200 mpk, PTM inhibited fatty acid synthesis in liver only but not in extrahepatic tissue such as adipose (Fig. 2B) .
Platensimycin Potently Inhibits Liver Fatty Acid Synthesis in Vivo. The potent and selective inhibitory activity of platensimycin toward purified mammalian FAS enzyme and in rat primary hepatocytes, coupled with its oral bioavailability, led us to investigate whether platensimycin impacted lipid metabolism in rodents. PTM significantly inhibited hepatic FFA synthesis in a dosedependent manner (Fig. 2B ). By contrast, doses of PTM up to 200 mpk did not inhibit fatty acid synthesis in adipose (Fig. 2B ). These data are fully consistent with the tissue distribution data and support the argument that PTM is a liver-preferring compound that has little-to-no efficacy in extrahepatic tissues. We next administered PTM to mice orally at 3, 10, 30, and 100 mpk and monitored its effect on hepatic fatty acid synthesis at different time points (Fig. 3) . At 2 h postdose, inhibition of fatty acid synthesis is linearly correlated with liver exposure of PTM (Fig. 3B ). The inhibition of liver fatty acid synthesis is also doseproportional up to 4 h postdosing ( Fig. 3C ), demonstrating that FAS inhibition by platensimycin persists for at least 4 h in a dosedependent manner, and the effect lasts up to 8 h (Fig. 3D ).
Platensimycin Inhibits Fatty Acid Oxidation and Increases Glucose
Oxidation. FAS inhibition by platensimycin is anticipated to result in elevated hepatic malonyl-CoA levels. This in turn should lead to inhibition of liver CPT-1, which is required for entry of longchain fatty acids into mitochondria. Accordingly, platensimycin treatment should also inhibit hepatic fatty acid oxidation (FAO). We tested this hypothesis using both primary rat hepatocytes in vitro as well as db/db mice in vivo. We first evaluated the effect of platensimycin, cerulenin, C75, and TOFA on FAO in primary rat hepatocytes. As shown in Fig. 4 , FAO in rat primary hepatocytes was inhibited by 21% and 39% when incubated with 10 or 100 μM PTM, respectively. The ACC inhibitor TOFA increased FAO by 145%, as expected. Surprisingly, C75 increased FAO by 56% whereas cerulenin inhibited FAO by 18%, as expected for a FAS inhibitor ( Table 1 ). The increase in FAO induced by C75 is likely caused by actions other than its inhibition of FAS, consistent with the off-target activities of C75 that have been reported (16) (17) (18) .
To determine the effects of platensimycin on hepatic FAO in vivo, we measured its effects on the plasma level of the ketone body D-β-hydroxybutyrate (β-HBA) in treated db/db mice. Etomoxir, an inhibitor of CPT-1, was included as a positive control. As expected, etomoxir significantly decreased plasma β-HBA levels (Fig. 5A ). Platensimycin at 30 mpk also caused a trend toward a decrease of β-HBA, consistent with its inhibition of FAO in rat primary hepatocytes (Fig. 4) . Levels of plasma TG, FFA, and glucose were not changed under these conditions.
In a parallel experiment, the effect of etomoxir and platensimycin on glucose oxidation was evaluated. Consistent with the inhibitory effects on FAO by both compounds, etomoxir at 50 mpk and platensimycin at 30 mpk increased whole-body glucose oxidation (Fig. 5B) . The liver-preferring tissue distribution of PTM ( Fig. 2A) makes it likely that the liver is responsible for the increase in glucose oxidation measured in these studies. Unfortunately, direct assessment of the effect of PTM on the rate of glucose oxidation by isolated primary hepatocytes was not possible, due to the low rates of glucose oxidation observed in the cultured hepatocytes.
We also determined the levels of hepatic malonyl-CoA, acetylCoA, and CoA following platensimycin treatment to assess the correlation between changes in these metabolites and liver FAO. Levels of malonyl-CoA were increased in the livers of db/db mice dosed with PTM in a dose-dependent manner (Fig. 6) . The highest values for malonyl-CoA were obtained 1 h postdose, with levels returning to near baseline at 4 and 8 h. This is in contrast to the effect of platensimycin on DNL, where even at 8 h postdosing, inhibition of fatty acid synthesis still persisted (Fig. 3) , despite the return of malonyl-CoA levels to normal. Levels of acetyl-CoA and free CoA were not affected (Fig. 6) , further demonstrating the specificity of platensimycin's inhibitory effect on FAS.
Platensimycin Causes a Net Reduction of Liver Triglyceride Levels and
Increases Insulin Sensitivity. Because platensimycin inhibits both fatty acid synthesis as well as FAO (the latter being an indirect result of malonyl-CoA accumulation upon FAS inhibition), we examined the effect of chronic platensimycin treatment and FAS inhibition on liver TG levels. To increase the magnitude of in vivo de novo lipogenesis, we performed chronic studies in db/+ mice fed a high-fructose diet. Platensimycin was administered to db/+ mice in drinking water for 4 wk. At the end of the study, db/+ mice treated with platensimycin exhibited a dose-dependent decrease in liver TG levels (Fig. 7A ). These data demonstrate that the net effect of FAS inhibition by PTM on liver TG levels is in favor of a reduction. These results are in agreement with the observation that PTM caused sustained inhibition of fatty acid synthesis, but only a transient increase in malonyl-CoA levels and consequently inhibition of FAO (Figs. 3 and 6) . When an insulin tolerance test was performed on db/+ mice at the end of the study, mice that received PTM at 3 or 30 mpk both exhibited enhanced glucose lowering versus vehicle-treated animals ( Fig.  7B) , demonstrating increased insulin sensitivity.
Platensimycin Ameliorates Hyperglycemia in db/db Mice. Because hepatic triglyceride has been reported to be a significant independent predictor of fasting endogenous glucose production (19, 20) and platensimycin reduced liver TG levels after chronic dosing, we next examined the effect of PTM treatment on plasma glucose levels of overtly diabetic db/db mice. Mice were orally gavaged with platensimycin twice daily for 2 wk at doses of 3 or 30 mpk. Plasma glucose levels were monitored on days 0, 4, 7, 10, and 14 of treatment. In the mice receiving vehicle alone, plasma glucose levels increased with time, reflecting the natural progression toward more severe diabetes in the db/db mouse model. By contrast, blood glucose levels in the mice that received platensimycin at both 3 and 30 mpk were decreased on day 4 of treatment. The 30-mpk PTM-treated group maintained statistically significant decreased blood glucose levels throughout the 2 wk of treatment (Fig. 8A) . On day 14 of PTM treatment, dosing at 3 and 30 mpk decreased plasma glucose levels by 10% and 38%, respectively, compared with vehicle-treated control mice (Fig. 8A) . Lower levels of liver TG (Fig. 8B ) and circulating β-HBA (Fig. 8C) were also observed in the treated animals. The glucose-lowering effect was not caused by changes in food intake or levels of plasma insulin, as these values were not affected by PTM treatment. Taken together, these data demonstrate that inhibition of hepatic fatty acid synthesis by platensimycin is sufficient to lower blood glucose levels in diabetic db/db mice, and that this is accompanied by a decrease in liver TG levels as well as circulating β-HBA.
To further investigate the mechanism(s) of glucose lowering by PTM in db/db mice, we performed ex vivo studies to evaluate the effects of PTM on hepatic gluconeogenesis and glucose utilization by NMR. We also investigated the effect of PTM treatment on glucose uptake by skeletal muscle in vivo. Hepatic glucose production was suppressed by PTM treatment, whereas glucose uptake by skeletal muscle was not affected (Figs. S1 and  S2 ). These data are consistent with the liver-preferring distribution of PTM and provide insight into the mechanism of livermediated blood glucose lowering in db/db mice ( Fig. 2A) .
Discussion
Fatty acid synthesis and oxidation are two important metabolic functions of the liver; both of these processes are regulated by nutritional status. Inhibition of FAS is the only known mechanism by which dual inhibition of both fatty acid synthesis and fatty acid oxidation can occur. Using platensimycin, a liver-targeted natural product isolated from S. platensis, we have demonstrated that the net consequence of FAS inhibition is a reduction in hepatic TG levels. Interestingly, this reduction is associated with increased insulin sensitivity. We further present pharmacological evidence that inhibition of FAS by platensimycin is sufficient to ameliorate diabetes in db/db mice.
C75 and cerulenin are two electrophilic molecules that are frequently used as inhibitors of mammalian FAS. C75, in particular, is a relatively nonspecific inhibitor of FAS: (i) The plasma concentration of C75 present at a dose that completely blocks food intake is only ∼1% of the level needed for FAS inhibition in vitro (17); (ii) C75 is a nonspecific neuronal activator of pro-opiomelanocortin, neuropeptide Y, and Purkinje neurons, whereas cerulenin is not (18) ; and (iii) C75 increases FAO in primary rat hepatocytes, in contrast to what would be expected of a FAS inhibitor (Fig. 4) . Both C75 and cerulenin inhibit cholesterol synthesis. By contrast, as expected for a specific FAS inhibitor, platensimycin does not appreciably inhibit sterol synthesis (Fig. 1) . This observation supports the assertion that platensimycin is a highly specific inhibitor of FAS and that it is significantly more selective than either C75 or cerulenin.
Agents that can decrease liver steatosis offer promise as a new treatment modality for diabetes and the metabolic syndrome. As an illustration of this point, the effect of pioglitazone treatment on tissue lipid levels in type 2 diabetic patients has been measured using noninvasive approaches such as 1 H magnetic resonance spectroscopy. Pioglitazone treatment of type 2 diabetics resulted in a more than 50% decrease in both hepatic and muscle triglyceride content, despite a significant body weight gain of about 6 kg on average. Using stepwise regression analysis, hepatic triglyceride was found to be a significant independent predictor of fasting endogenous glucose production (EGP), ac- . Platensimycin reduces fatty acid oxidation (A) and increases wholebody glucose oxidation (B) in vivo. db/db mice of 14.5 wk of age were used (n = 7 mice per group). *P < 0.05, **P < 0.01 versus vehicle.
counting for 53% of its variation (P < 0.001). Similarly, hepatic triglyceride content accounted for 36% of the variation seen in the percent suppression of postprandial EGP observed at 150 min (P = 0.03). In contrast, whereas muscle triglyceride content decreased with pioglitazone treatment, it did not correlate with EGP. There was no relationship between visceral fat content and EGP (19) . An earlier diet-intervention study also revealed that moderate weight loss normalizes fasting hyperglycemia in patients with poorly controlled type 2 diabetes; this is accomplished by mobilizing a relatively small pool of intrahepatic lipid, which reverses hepatic insulin resistance and normalizes rates of basal glucose production, independently of changes in insulinstimulated peripheral glucose metabolism (20) . These and other studies underscore the potential benefit of decreasing hepatic TG content by platensimycin pharmacotherapy, or other means, for the treatment of type 2 diabetes as well as related metabolic disorders.
The role of FAS in vivo has been studied by generation of conditional knockout models, because global KO of FAS causes embryonic lethality (7) . The role of FAS in the hypothalamus was examined in a series of studies using conditional FAS knockout mice (21, 22) . High-fat feeding of conditional FAS knockout mice in which inactivation of FAS was limited to the hypothalamus and pancreatic β-cells demonstrated that these mice are protected from diet-induced obesity and exhibit increased insulin sensitivity in the liver but not in the periphery (22) . The hyperinsulinemic-euglycemic clamp data obtained in that study correlated well with biochemical data which demonstrated increased phosphorylation of Akt, GSK-3β, and FOXO1 in the liver but not in the gastrocnemius muscle of the conditional FAS KO mice. Liver mRNA levels of PGC-1α, PEPCK, and G6Pase were decreased, and mRNA of glucokinase was increased in the KO mice (22) . These studies also support the hypothesis that FAS functions as a nutritional sensor within the hypothalamus.
On the other hand, pharmacological approaches to FAS inhibition using existing tool compounds suggest that AMP-activated protein kinase (AMPK) may function as the true physiological energy sensor in the hypothalamus. Both systemic and intracerebroventricular treatment of mice with nonselective FAS inhibitors (cerulenin and C75) led to inhibition of feeding and dramatic weight loss. These effects of C75 could be mediated by at least two known actions of C75: It inhibits expression of neuropeptide Y in the hypothalamus, and it acts in a leptinindependent manner that appears to be mediated by malonylCoA (23) . C75 treatment also results in elevated hypothalamic neuronal ATP levels and rapidly reduces the levels of phosphorylated AMPKα, which may contribute to the reduction of food intake induced by C75 (24) . Because the effect of FAS inhibition by C75 can be reversed by aminoimidazole carboxamide ribonucleotide, an AMPK activator (24) , AMPK may be functioning as an energy sensor in the hypothalamus. However, the specificity of C75 on FAS was again brought into question because the effective concentration of C75 needed to inhibit the enzyme activity of rat fatty acid synthase in vitro is up to 100 times higher than that achieved in the hypothalamus at a dose that causes complete blockade of food intake. This discrepancy suggests that the anorectic effect of C75 could be independent of its inhibition of FAS in the hypothalamus (17) .
Mice deficient in hepatic FAS are devoid of phenotypes when fed a chow diet. When fed a zero-fat diet, hepatosteatosis was observed. Recent studies suggest that FAS activity in liver is required to generate 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine, a putative endogenous ligand of PPARα (10) . Thus, reduced PPARα activity secondary to FAS deficiency might directly contribute to liver steatosis under zero-fat diet conditions. Zero-fat diet-induced liver steatosis may not be relevant to the human condition, where obesity and liver steatosis result from overconsumption of high-fatcontent foods. Thus, increasing FAS activity to maintain PPARα activation as a potential therapeutic strategy in human is likely to have very limited utility (25) .
When FAS is deleted in a subset of neurons and in the islet β-cells, driven by Cre recombinase excision under the control of rat insulin promoter, mice become resistant to diet-induced obesity. Such mice are also resistant to diet-induced insulin resistance. This observation is consistent with a role of malonylCoA in brain sensing of nutrients, because malonyl-CoA should Chronic platensimycin treatment leads to a reduction of liver triglyceride levels (A) and increased insulin sensitivity as determined by an insulin tolerance test (B). Dosed animals were db/+ mice fed a high-fructose diet (n = 8 mice per group). *P < 0.05, ***P < 0.001 versus vehicle. have accumulated secondary to FAS deficiency. Because platensimycin does not readily cross the blood-brain barrier, we do not know whether platensimycin will cause similar metabolic changes when dosed centrally.
Inhibition of FAS elicits cell-cycle arrest and apoptosis; accordingly, FAS is also considered a potential drug target for oncology. Knockdown of FAS, but not two enzymes upstream of it, ATP-citrate lyase and acetyl-CoA carboxylase, leads to caspase-8 activation and cell death. One potential explanation for the specific role of FAS in caspase-8 activation is suggested by the observation that FAS inhibition leads to up-regulation of DNA damage-inducible transcript 4, a stress-response gene that negatively regulates the mammalian target of rapamycin (mTOR) pathway (26) . The net consequence of FAS inhibition is thus down-regulation of the mTOR pathway. However, FAS inhibition, using C75 and cerulenin as tools, has also been reported to increase mTOR signaling in the hypothalamus, as determined by increased phosphorylation of S6K1 and S6, two downstream targets of mTOR (27) . These observations suggest that additional studies are needed to understand the benefit of FAS inhibition in tumor therapy.
Finally, PTM may also be effective as an anti-infective therapy. When considering FAS as a target for antibiotic development, the potential of exogenous fatty acids present in circulation to bypass inhibition of the de novo lipogenesis pathway needs further investigation (28, 29) .
In summary, we have demonstrated that platensimycin, initially isolated as a novel antibiotic inhibiting FAS II machinery of Gram-positive bacteria, is also a potent and selective inhibitor of mammalian FAS. Platensimycin treatment led to improved liver steatosis of high-fructose-diet-fed db/+ mice and ameliorated the diabetes of db/db mice. The superior potency and selectivity of platensimycin over currently available FAS inhibitors cerulenin and C75, coupled with its liver-selective action in vivo, demonstrates its utility as an agent suitable for further investigations of the effects of hepatic FAS inhibition in mammals and potentially in the clinic. Most promisingly, our studies provide an example of preclinical proof of concept for FAS inhibition as a unique modality for the treatment of diabetes, liver steatosis, and related metabolic disorders.
Materials and Methods
Detailed descriptions of procedures are provided in SI Materials and Methods.
Supply of Inhibitors. PTM was isolated from S. platensis as described earlier (4, 5) . Platensimycin was converted to the monosodium salt, and the aqueous solution of the lyophilized form was used for all experiments described herein. Cerulenin, C75, and TOFA were obtained from Sigma-Aldrich.
FAS Enzymatic Activity Assay. Human and rat FAS were purified as described previously (13) . Human enzyme was purified from SKBr3 cells and rat FAS was purified from rat liver. FAS activity was determined by the formation of [
